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INTRODUCTION
Reservoirs in semiarid regions, including those in Northeastern Brazil, witness unpredictable periods of rainfall when they receive extremely low watershed water inflow, exhibit high evaporation rates and a longer water residence time. These processes are the primary cause of water quality decrease due to increasing concentrations of dissolved salts (Freire et al., 2009) . This scenario results in nutrient accumulation and concentration, leading to increasing algal density and the frequency of cyanobacteria blooms, thus rendering these systems much more vulnerable to eutrophication. The recent development of intensive fish cage aquaculture in many reservoirs in the Brazilian semiarid may contribute to a further deterioration of water quality, in particular during drought periods .
The trophic state of reservoirs in semiarid regions may vary according to reservoir volume (Braga et al., 2015) , precipitation (Chaves et al., 2013) , inputs of external loads of nutrients from surrounding soils (Lopes et al., 2014; Santos et al., 2014) and internal processes such as aquaculture (Bezerra et al., 2014) . However, how these drivers interact to affect the trophic state of reservoirs are still poorly understood. Between 2011 and 2014, the northeastern semiarid region of Brazil witnessed a prolonged period of drought, resulting in a drastic reduction of the storage volume of artificial reservoirs. For example, the Castanhão reservoir, the largest multiuse reservoir in the region registered a drop from 88% to 27% of its storage capacity, rendering a unique opportunity to improve our understanding the relationship between volume and trophic state and the influence of anthropogenic pressures. The understanding of the reservoir's response during this period is of high significance since several externalities act to enhance the negative consequences of it. This longer period of abnormal low rainfall years may become more frequent and unpredictable due to climate change (PBMC, 2013) , with direct impacts on the level of reservoirs, inputs of nutrients from diffuse sources and its eutrophication (Moss et al., 2011; Dawadi and Santos et al. 2013; Umaña, 2014) . On the other hand, water demand is increasing due to rapid regional development of irrigated agriculture and urbanization in recent years, in particular irrigate agriculture (Lacerda et al., 2008) . Additionally, with the financial subsidies from the federal government to expand intensive fish-cage aquaculture to promote income and food safety for the region, the activity expanded by 20% per year, increasing environmental pressures within the reservoir proper . Therefore, sustainable use of the reservoirs services needs better modelling capability and scenarios construction in order to subsidize stockholder and decision makers. In this context, the present study aimed to spatially and temporally analyze and discuss the main physical and chemical water parameters of the Castanhão reservoir during a four-year period. Thereby contributing to the characterization of its trophic state in response to extended drought by applying the Trophic State Index approach to a comprehensive interpretation of the trophic variation in the reservoir.
METHODS

Study area
The study took place in the Castanhão reservoir (Latitude 5.50°S; Longitude 38.47°W) in the Middle Jaguaribe River watershed, which is located entirely within the semiarid region in the State of Ceará, NE Brazil (Fig. 1) . The semiarid climate of Northeastern Brazil features peculiarities resulting from the behavior of its regulating weather systems marked by irregularities in rainfall across time and space, with annual rainfall means commonly ranging from 400 to 1000 mm and average of 756.5 mm during the past 80 years (FUNCEME, 2014) . Rainfall occurs from January to June and is scarce from July to December. During the study period, the monthly precipitation varied from 0-181 mm. The years 2012, 2013 e 2014 were drier, with a mean annual rainfall of 302.3, 656.5 and 571.1 mm, respectively, significantly below the historical annual average. This extended drought period relates to a strong El Nino event.
The Castanhão reservoir flooded completely for the first time in 2004. The total storage capacity of the reservoir is 6.7 billion m 3 , and the normal operating capacity is 4.45 billion m 3 . The reservoir covers a flooded area of 325 km 2 and is 48 km in length, with a depth exceeding 50 m in some areas (DNOCS, 2014) . The categories of the World Commission on Dams (2000) classify the Castanhão as a large reservoir. The reservoir is a multiple use lake with major function as water storage for human and agriculture uses. It harbors the largest fish aquaculture facility in the state and is also use for recreational objec- tives, but not for energy production. The reservoir basin receives anthropogenic inputs of nutrients from different sources. Avelino (2015) developed a DPSIR analysis of the Castanhão reservoir and estimated, using established emission factors for these activities (Lacerda et al., 2008; Paula Filho et al., 2015) the total load of N and P from these sources. Annual direct emissions to the lake are mostly from fish farming, with an average annual production during the study period of about 18,000 tons of Nile Tilapia, and reached 519 t of N and 163 t of P). In a recent study, Molisani et al. (2015) calculated 12 tons of N being emitted per 6-month production cycle from a fish farm in the Castanhão reservoir that produces about 448 t of fish annually. Extrapolating this figure for the total average production in the entire reservoir one reaches about 964 tons of N. Those authors, however, did not indicate how emission factors were calculated and this number is probably an overestimation, but it is consistent with the annual emission of N estimated by Avelino (2015) . Irrigated agriculture farms, covering 1254 ha and producing nearly 2 million tons mostly of fruit crops, are located around the lake, due to low-cost water availability. Runoff from these farms enters directly to the water body, totaling 198 t and 149 t of N and P, respectively. Outside the reservoir margins, agriculture is restricted to subsidence farming and contributes little to the total nutrient emissions to the reservoir. Urban wastes and waste waters from local villages, totaling about 7400 inhabitants, are partially treated. Sewage collection reaches about 70% of the total effluent in urban areas, whereas nearly 90% of solid wastes are adequately disposed (IBGE, 2010) . Rural areas have no wastewater or sewage collection or treatment and no solid waste disposal systems (IPECE, 2011) . However, population is sparse, reaching about 3200 inhabitants. As a result, annual emissions of N and P are relatively small, reaching 271 t of N and 73 t of P. Husbandry, mostly extensive cattle, although with a higher relative emission of about 1100 t for both nutrients, is located in the upper reaches of the basin and hardly reaches the reservoir, mostly due to semiarid conditions hampering an effective transport from soil runoff (COGERH, 2011; Avelino, 2015) . In summary, fish farming is the largest direct source of anthropogenic derived N and P to the reservoir and contributes with about 52.5% and 42.3% of the total anthropogenic direct emissions of N and P, respectively. Fig. 2 shows fluctuations in the volume of water stored in the reservoir during the studied period. These water level fluctuations are determined primarily by the dam system operation. However, during the sampling period, there was a drastic reduction in the stored volume due to the prolonged absence of rain in the reservoir's basin, resulting in a volume decrease from about 85% of its total water storage capacity in November, 2011 to about 35% of its total volume in May, 2014.
Sampling
Sampling campaigns occurred in November 2011, March and August 2012, January and August 2013 and May 2014, covering 10 stations located throughout the reservoir (Fig. 1) . The sampling dates were chosen according to the annual rainfall distribution. Campaigns in November, March and January, occurred in rainy seasons; whereas August and May in dry seasons. In this way 3 rain and 3 dry periods were covered.
In the first two campaigns, only four and six stations respectively were sampled due to logistical problems. Previous to water collection, physical and chemical variables were measured in situ in surface waters (0.5 to 1.0 m depth) as follows: dissolved oxygen (YSI 556 probe, YSI Inc., Yellow Springs; water temperature, turbidity and electrical conductivity (Compact-CTD model AST D687; JFE Advantech Co., Ltd., Nishinomiya); pH (Portable 826 pH-meter; Metrohm AG, Herisau); and transparency with a Secchi disk. In addition, CTD and dissolved oxygen depth profiles in each station described thermal structure of the water column in all campaigns.
Water samples collected from the subsurface (1.0 m) in Van Dorn bottles were analyzed for inorganic nutrients after filtering in the field lab through 47-mm-diameter AP40 glass fiber filters. Samples were immediately frozen for transport and later analysis. Unfiltered samples were used to determine the total phosphorus and total nitrogen concentrations. Variables were quantified in triplicate, with the final detection performed by visible spectrum spectrophotometry, according to: ammonia nitrogen (Koroleff, 1970) , nitrate (Braga et al., 2015) , nitrite (Bendschneider and Robinson, 1952) , total nitrogen and total phosphorus (Valderrama, 1981) and soluble reactive phosphorus (Murphy and Rilley, 1962) . To quantify chlorophyll a concentrations, the samples were filtered immediately after sampling in a field lab through 47-mm-diameter AP40 glass fiber filters. Filters were stored frozen and transported to the main laboratory were quantification was obtained in a spectrophotometer according to the ISO 10260 (1992) protocol.
The trophic state of the reservoir was estimated using the trophic index (TSI tsr ) developed by Cunha et al. (2013) . The index comprised the following equations that accounted for the concentrations of chlorophyll a (Chla; µg L -1 ) and total phosphorus (TP; µg L -1 ):
The defined limits for the trophic state classes were as follows: ultraoligotrophic: TSI tsr ≤ 51.1; oligotrophic: TSI tsr ≥ 51.2 -53.1; mesotrophic: TSI tsr ≥ 53.2 -55.7; eutrophic: TSI tsr ≥ 55.8 -58.1; supereutrophic: TSI tsr ≥ 58.2 -59.0 and hypereutrophic: TSI tsr ≥ 59.1.
Principal Component Analysis (PCA), described the relationships between limnological variables and a cluster analysis to evaluate the longitudinal patterns in the reservoir and explore the similarities among sampling stations and define groups of associated ones. The analyses were performed using the STATISTICA 8.0 software package (StatSoft, Inc., Tulsa), assuming a significance level of α=0.05. For the cluster analysis, the data matrix was normalized in Z and Ward's clustering method was used in combination with the Euclidean squared distances. The mean values of each parameter were subjected to means testing at a significance level of P≤0.05.
RESULTS
Tab. 1 shows mean, minimum and maximum values of the limnological parameters monitored in the reservoir during the sampling period and considering all sampling stations, whereas Supplementary Tab. 1 shows all individual results. Even considering that samples were collected in different periods of the day no significant change in temperature was observed between sampling and stations. However, thermal stratification of the water column during the period lead to a significant reduction in dissolved oxygen in the hypolimnion, reaching 0.07 to 2.62 mg L -1 (Ex.: Station 5) ( Fig. 3 and Supplementary Fig. 1 ). Thermal stratification was particularly evident in the first two campaigns when the reservoir volume decreased very little, less than Tab. 1. Mean, maximum and minimum values for the variables monitored in surface waters of the Castanhão reservoir, NE Brazil, during the monitoring period. ). Nitrogen is the major nutrient component of the direct anthropogenic emissions to lake with a total annual emission of about 1,000 tons. Average total nitrogen concentrations did not differ significantly throughout the sampling period (397-598 µg L -1 ). In most sampling stations and campaigns, nitrate, ammonia nitrogen and nitrite concentrations were below the detection limit. The highest detected concentrations were 83.0±3.5 µg L -1 (station 9 in Similarities among stations during the monitoring period were evaluated using a multivariate cluster analysis considering all variables presented in Tab. 1. Two situation appeared when data from each campaigns were successively added to the analysis. During most of the monitoring period up to August 2013, two groups of stations were clearly recognized (Fig. 4a) . A Group 1 including the deeper stations closer to the dam (5, 6, 7, 8 and 9) with lower turbidity and N concentrations and a Group 2 including all shallower stations located along the fluvial axis of the reservoir (1, 2, 3, 4 and 10), differed by higher turbidity and N concentrations. When adding data from the last campaign, when reservoir level was at the lowest, the former Group 2 were subdivided, within two subgroups, (2A: stations 3, 4 and 10; 2B: stations 1 and 2); mostly differed by turbidity and Secchi disk depth (Fig. 4b) . Group 1 included stations characterized by greater depths at the proximity to the dam. The area receives the largest effluents form fish farms and irrigated agriculture; and suggest an accumulation site for the nutrients drained from these activities, confirmed by the highest concentrations of P and N in stations of this group compared to Group 2, at least up to August 2013. In May 2014, Group 2B including stations 1 and 2, located at shallower depths and in regions further upstream of the dam, differed from the other by highest turbidity and lowest Sec- A principal component analysis of the data throughout the sampling periods illustrates the temporal changes in water quality of the reservoir through time (Fig. 5) . Factor 1 (mostly chlorophyll a and total phosphorus) explain bout 40% of the variation in hydrochemistry, followed by factor 2 (total nitrogen) explaining about 14% of the variability (Tab. 3). The PCA clearly shows the impact of volume on chlorophyll a, total phosphorus and total nitrogen concentrations through time, which will then affect the reservoir's trophic state index. Fig. 6 shows the trophic state index variation in relation to the decreasing reservoir capacity. The trophic state index differed slightly between the spatial groups throughout the sampling period. The reservoir area encompassed by Group 1 remained oligotrophic from November 2011 to March 2012 and mesotrophic from August 2012 to May 2014, mostly due to a continuous increase in chlorophyll a. Phosphorus only showed a significant increase in May 2014 also contributing to the change in trophic state. In the area encompassed by Group 2A and Group 2B, waters remained oligotrophic throughout most of the monitored period, but with Group 2A, turning eutrophic and Group 2B, turning supereutrophic in May 2014, when the reservoir attained its minimum volume and a peak in chlorophyll a and phosphorus concentrations occurred.
DISCUSSION
The decrease in reservoir volume and the consequent lack of water renewal by rainfall, strong evaporation and Tab. 2. Mean, maximum and minimum values of the studied variables in surface water observed in the Castanhão reservoir in the different groups depicted by the cluster analysis in May 2014. the permanent influence of anthropogenic activities' emissions, mostly from fish farming, irrigated agriculture and urban wastes, favored the concentration of salts, the accumulation of nutrients and increasing pH. Previous studies in lakes and reservoirs in semiarid regions showed high electrical conductivity that typically exceed 300 µS cm -1 and exhibit a negative correlation with water level (Bouvy et al., 1999; Eskinazi-Sant'Anna et al., 2007; Barbosa et al., 2012) . In addition, wind forcing under decreasing volume produces rapid water mixing and sediment resuspension, changing water column properties and bringing up accumulated nutrients from the hypolimnion (Freire et al., 2009) .
At the Castanhão reservoir decreasing volume is associated with increasing electrical conductivity, total phosphorus, turbidity, pH and to a lesser extent with total nitrogen, strengthen the interaction between reservoir volume and water chemistry. Thermal stratification of the water column led to oxycline formation along with a significant reduction in dissolved oxygen in the hypolimnion, but not at the surface. The increased concentration of organic detritus at the bottom of the water column and the subsequent decomposition of this material consume large amounts of oxygen and induce anoxia, as exemplified by station 5 (but see also Supplementary Tab. 1).
Chlorophyll a concentration is a good proxy of phytoplankton biomass and a valuable indicator of the trophic status of a water body. Salas and Martino (2001) used chlorophyll a concentrations to classify the trophic statuses of tropical lakes and suggested concentrations of 5 to 10 µg L -1 as indicative of a mesotrophic state. Average chlorophyll a concentrations in the Castanhão reservoir remained below 5 µg L -1 up to January 2013. Afterwards, concentrations in all stations exceeded 5 µg L -1 , and exceeded 10 µg L -1 , in May 2014 in stations 1, 2, 3, 4 e 9. Simultaneously, total phosphorus concentrations exceeded 35 µg L -1 , within the range of values considered as the initial the values at which the deleterious environmental effects of eutrophication begin to appear (Dodds et al., 1998; Salas and Martino 2001) .
The increasing nutrient concentrations observed after January 2013 might have resulted from the remobilization of accumulated nutrients in the hypolimnion and sediments consequent to the longer residence time of the reservoir. Previous observation on nutrient balance in the Castanhão reservoir showed a net retention of over 97% of the total fluvial input of N and P within the reservoir resulting in nutrient accumulation mostly in the hypolimnion (Molisani et al., 2013) . With decreasing water depth, wind action can break the stability of the water column, thus favoring water column mixing processes and the resuspension of bottom material and the consequent increase in nutrient concentrations. These processes have been suggested to explain increasing nutrient concentrations in various reservoirs from the semiarid region during drought periods (Bouvy et al. 2003; Freire et al., 2009; Geraldes and George 2012) . Eventually, variations in the reservoir water level can result in changes in the physical and chemical structure of the system and consequently the dynamics of plankton communities, including zooplankton abundance (Geraldes and George, 2012) , phytoplankton (Chalar, 2006) , cyanobacteria blooms (Bouvy et al., 2003; Silva et al., 2013) and diversity (Costa et al., 2009) . Naselli-Flores (2000) even suggested that water level fluctuations, influence phytoplankton composition more strongly than the nutrients levels. For example, a reduction in the reservoir volumes in Sicily during the spring because of the high demand from summer usage strongly affected the phytoplankton and nutrient dynamics, leading to eutrophication and the selection of cyanobacteria species that were harmful to human health (Naselli-Flores, 2003) .
The trophic state index indicated a change in the trophic status of the Castanhão reservoir from oligotrophic to eutrophic during this extended drought period. In a short monitoring study between November 2006 and July 2007, Molisani et al. (2010) classified this reservoir as mesotrophic and detected anoxic events as well as the presence of cyanobacteria typical of mesotrophic/eutrophic environments, just after a two-year drought period. Chaves et al. (2013) also observed that the trophic state of a reservoir in the semiarid region relates to seasonal fluctuations in rainfall.
The observed deterioration of the TSI, however, was not evenly distributed in the entire reservoir. The three different groups identified and separated by their hydro chemical variables (Fig. 4) responded with different timing in developing eutrophic conditions. Group 1, including those deeper stations, receiving effluents from fish farming and irrigated agriculture, became mesotrophic and reached a eutrophic state earlier than the other groups. As water volume decreased further, Group 2A and 2B, characterized by much shallower water depth, became eutrophic. Further, when reservoir volume reached its minimum Group 2B, including the shallowest stations, became hypereutrophic. This suggest that a first process inducing changes in the trophic state was the concentration and accumulation of nutrients from anthropogenic activities, surrounding Group 1 region (Fig. 1) following the decrease in the reservoir volume. Afterwards, apart from continuing accumulation, and extra enrichment of nutrients was due to breaking thermal stratification, mixing of the water column (Groups 2A, 2B), and at least in the shallowest stations (Group 2B) sediment resuspension. Molisani et al. (2015) reported, based on stable C and N distribution, current velocities and deposition rates of fecal pellets, that effluents from cage aquaculture (feed and feces) were not extensively reaching the water column and the bottom sediments of the cage area, on the contrary, effluents from farms are carried out to the deeper, central region of the reservoir. Hydrodynamic modeling of the reservoir (Molisani et al., 2015; Oliveira et al., 2015) showed surface wind-drive currents to move westwards from the center deeper part of the reservoir to shore, whereas bottom currents flush-out fish farm areas and incoming runoff eastwards to the deeper regions (Group 1 region), where stratification exists during high volume periods (e.g., in station 6 in November, 2011 -Supplementary Tab. 1), but is broken when the reservoir volume decreases. This contributes to the increase in nutrients in the hypolimnion of the reservoir. With the intense drought in recent years, this nutrient-rich hypolimnion waters mix with the entire column, increasing eutrophication, as showed by the TSI of the latter periods of the study.
Unfortunately, by comparing the emission of a single farm (67 t production) with the total N contribution from the watershed, Molisani et al. (2015) reached the conclusion that fish farming contributes relatively little to the total N inputs to the reservoir. When extrapolated to the entire fish production of the reservoir, however, this activity is the largest direct contributor of N and P to the reservoir. The hydrodynamics of the lake, cleanses the farm areas by exporting the majority of its effluents to deeper parts of the lake, where nutrients are accumulated under the thermocline establish when the reservoir is in its maximum volume, reaching over 54 m in depth in the central part. Under the intense drought verified during the study period, however, these accumulated nutrients are release to the water column following disruption of the thermocline due to shallower depths and triggering eutrophication.
The results obtained in this study raise concern on the sustainability of fish farming in semiarid reservoirs under a scenario of global climate change. The multiple use of reservoir waters in regions of hot and cold semiarid climate is presently constrained by global climate change (Jeppesen et al., 2015) . Most global modeling showed these regions to be strongly affected by reduced precipitation and enhanced evaporation, as predicted for northeastern Brazil (Oyama and Nobre, 2003; Marengo et al., 2009) . Actually, N o n -c o m m e r c i a l u s e o n l y reduction in the annual rainfall has already been recorded for the region. Moncunill (2006) has estimated an average decrease of 5.6 mm.yr -1 of rainfall since the 1960's over the Ceará State, whereas Godoy and Lacerda (2015) suggested that reduction of annual rainfall, in particular during the dry season, drastically reduced the Jaguaribe River flow over the middle Jaguaribe River Basin, where the Castanhão reservoir is located. Climate change is intensifying the symptoms of eutrophication in freshwaters, mostly affecting diffuse sources of nutrients to lakes and reservoirs (Jeppesen et al., 2015) increasing nutrient concentrations due to evaporation in reduced water volumes becomes an additional factor strengthening eutrophication. At the Castanhão reservoir, average decrease of rainfall will extend the duration of drought periods, such as the one covered by this study. This will result in volume decrease, breaking of the thermal stratification and triggering eutrophication. Falling reservoir levels apart from directly concentrating the nutrients already present in the water column, released by in-lake activities such as aquaculture, will expose sediments from margins and shallow areas receiving up-basin effluents from agriculture and husbandry and urban areas, to mineralization and increasing nutrient release to the lake.
CONCLUSIONS
The prolonged period of drought caused a dramatic decrease of the reservoir volume, which in turn induced changes in the physical and chemical structure of the system that resulted in eutrophication. The formation of spatially different compartments regarding the major physical and chemical parameters, however, suggests that the intensity of the eutrophication process in not uniformly distributed in the reservoir.
When normal rainfall periods keep elevated reservoir volumes, specific water current patterns wash out effluents from fish farms and irrigated agriculture transferring them to deeper layers, where nutrients accumulate in a relatively segregated hypolimnion. When the reservoir becomes shallower, breaking of the thermal stratification and sediment remobilization accelerates nutrient enrichment of the water column and triggers eutrophication.
The scenario of global climate change has to be taken into consideration to the decision-making processes aiming to ensure the sustainability of the multiple uses of the Castanhão reservoir and the preservation of high water quality for the noblest uses. Reducing rainfall and increasing frequency of extreme events, such as extended droughts and strong downpours, during the rainy seasons, of semiarid climate, will intensify the processes described for the Castanhão reservoir and will require re-dimensioning of fish aquaculture and irrigated agriculture, as well as better treatment of urban wastes. 
